Paracoccidioides brasiliensis, a thermodimorphic fungus, is the causative agent of the prevalent systemic mycosis in Latin America, paracoccidioidomycosis (PCM). Here, we describe the microsatellite patterns observed in a collection of P. brasiliensis random sequence tags. We identified 1,117 microsatellite patterns in about 3.8 Mb of unique sequences (0.47% of the total DNA used in the analysis). The majority of these microsatellites (87.5%) are found in noncoding sequences. We used two polymorphic microsatellites located on noncoding and coding sequences, as well as two microsatellites located on introns, as molecular markers to discriminate P. brasiliensis isolates, to look for relationships between the genetic background of the strains and the types of human disease they cause. We did not observe any correlation between the clinical form of human PCM and four simple sequence repeat patterns analyzed.
Paracoccidioides brasiliensis, a thermodimorphic fungus, is the causative agent of the prevalent systemic mycosis in Latin America, paracoccidioidomycosis (PCM). Epidemiological data indicate a broad geographic distribution of P. brasiliensis in Central and South America, from Mexico to Argentina (31) . The pathogen apparently has its natural habitat in soil or in plants in areas where PCM is endemic, and rural workers appear to become infected by inhaling dust containing the infecting propagules (32) . It is estimated that as many as 10 million individuals could be infected with P. brasiliensis, acquired by inhalation of airborne microconidia, which reach the pulmonary alveolar epithelium and transform into the parasitic yeast form (27) . The human form of (PCM) caused by this fungus is characterized by a range of clinical manifestations from benign or asymptomatic forms to severe and disseminated disease that is often fatal. The development of PCM depends on interactions between fungus and host components. Many authors have tried to correlate certain characteristics of P. brasiliensis isolates with virulence without success (22, 37, 42, 44) . In P. brasiliensis, restriction fragment length polymorphism and random amplified polymorphic DNA (RAPD) markers have been used in attempts to establish epidemiological and phylogenetic relationships between isolates that have different degrees of virulence and that come from distinct geographical regions (3, 23, 25, 26) . Although, it has been proposed that P. brasiliensis isolates differ in their ability to cause human disease (36) , the issue is far from settled (25) . Recently, Hebeler-Barbosa et al. (14) completed the first genetic analysis of P. brasiliensis isolates from 10 armadillos and confirmed their similarity with 19 clinical isolates by DNA sequencing. These authors showed by sequence comparison of the internal transcribed spacer 1 and internal transcribed spacer 2 regions that eight isolates differed by one or three sites among the five polymorphic sites found, suggesting the existence of two genetic groups.
The main antigenic component described in P. brasiliensis is gp43, an exocellular glycoprotein containing a single oligosaccharide chain; it elicits a strong humoral response and can be detected in PCM patient serum (for a review, see reference 41). gp43 is a potential virulence factor because it binds murine laminin, resulting in increased pathogenicity of yeast cells (43) . Morais et al. (24) reported P. brasiliensis gp43 gene polymorphism in a variety of P. brasiliensis isolates from patients suffering from chronic and acute PCM. These authors observed that the P. brasiliensis gp43 gene sequences of three isolates from patients with pulmonary or chronic PCM were phylogenetically distant from the sequences of other isolates. These results suggest a possible correlation between P. brasiliensis gp43 gene polymorphism and the degree of pathogenicity of these strains in the animal model.
Microsatellites or simple sequence repeats (SSRs) are tandemly repeated tracts of DNA composed of 1-to 6-bp-long units. They are omnipresent in prokaryotes and eukaryotes, even in the smallest bacterial genomes, and are found anywhere in the genome in both protein-encoding and noncoding regions (40) . SSRs are considered to be evolutionarily neutral DNA markers (20) . Length polymorphism arises from variations in the number of repeated units, probably due to DNA polymerase slippage during the replication of SSRs (19) . They have been used for both population genetics and typing studies because they have several advantages as markers, such as that they are highly polymorphic, multiallelic, highly reproducible, and detectable by PCR (29) .
Recently, we established a collection of about 3.8 Mb of unique random sequence tags (RSTs) (M. P. Nobrega et al., unpublished data) and decided to investigate the microsatellite occurrence in this set. Here, we describe the microsatellite patterns observed and use some of them as molecular markers to discriminate P. brasiliensis isolates in a search for correlations between the genetic background of the strains and the types of human disease they cause.
MATERIALS AND METHODS
Fungal strains and DNA preparation. We analyzed 23 isolates (4 environmental isolates, 18 clinical isolates, and the Pb18 isolate) (Pb18 was kindly provided by Z. P. Camargo, Universidade Federal de Saõ Paulo, Brazil) that are listed in Table 1 . Yeast cells were grown to the logarithmic phase in 125-ml Erlenmeyer flasks containing 25 ml of Fava-Neto's medium as previously described (35) at 37°C with constant shaking. DNA was prepared according to a glass bead protocol (33) .
PCRs. Using Primer Express design software, version 1.0 (Applied Biosystems), we designed PCR primers for amplifying each DNA fragment that contains microsatellites. The 40-l amplification mixture included 1ϫ Taq DNA platinum buffer (Invitrogen), 0.5 M of each primer (Table 2 ), a 0.2 mM deoxynucleotide triphosphate mixture, 2.5 U of Taq DNA platinum polymerase (Invitrogen), and 100 ng of genomic DNA. PCR amplification was carried out with a PTC100 96-well thermal cycler (MJ Research) at 95°C for 1 min; for 38 cycles at 95°C for 1 min, 39 to 54.4°C (depending on the fragment) for 1 min, and 72°C for 1 min; and followed by an extension step at 72°C for 10 min. After the reaction, the PCR products were purified with a QIAGEN PCR cleanup kit, following the manufacturer's instructions. Sequencing reactions were prepared with the BigDye Terminator Cycle Sequencing kit (Applied Biosystems), with the primers listed in Table 2 . The nucleotide sequences in both strands were determined by primer elongation with an ABI3100 automated DNA sequencer (Applied Biosystems).
Data handling and analysis.
A pipeline was built to analyze and assemble the P. brasiliensis RST sequences. Sequences were automatically edited for each RST with the programs Phred-Phrap (4, 5), Consed (12) , and Crossmatch from Phrap (13) . The sequences were cleaned from the pUC18 vector sequences with Crossmatch (13); RSTs with a quality value of at least 20 were considered for further analysis. Edited sequences were clustered with the Phrap program (5). To identify if the microsatellite was at either a coding or noncoding region, the P. brasiliensis clusters containing microsatellites were compared with the BLASTX and BLASTN algorithms (1) with the the National Center for Biotechnology Information (NCBI) nonredundant database (http://ncbi.nlm.nih.gov/), several fungal genome databases (www.broad.mit.edu), and the P. brasiliensis expressed sequence tag project databases (http://143.107.203.68/est/default.html). When E values greater than 10 Ϫ5 were obtained, they were considered not statistically significant (no significant match).
We have extracted all the microsatellites from our RST databank (Table 3 ) by using the methodology described by Jurka and Pethiyagoda (16) . Essentially, we extracted only simple repeats composed of tandemly repeated basic units 1 to 6 nucleotides (nt) long. Most simple repeats and their complementary counter- parts can be represented by several different basic unit patterns. For example, the pattern (GCC) n listed by its unit name GCC in Table 3 , also represents (CCG) n , (CGC) n , (GGC) n , (GCG) n , and (CGG) n . Each simple sequence was counted on one strand only and consequently the length is given by the number of nucleotides. Furthermore, whenever tandemly repeated patterns with different unit sizes were identical, they were listed under the smallest unit size. For example, patterns like (ACACAC) n or (ACAC) n were included into the category (AC) n . As a result, the total number of theoretically possible, nonoverlapping patterns was reduced to 501 (2 monomeric, 4 dimeric, 10 trimeric, 33 tetrameric, 102 pentameric, and 350 hexameric patterns). Phylogenetic analysis was carried out with the MEGA2 (Molecular Evolutionary Genetics Analysis) software, version 2.1 (http://www.megasoftware.net; 18). The SSR sequences were aligned and the dendrogram was determined by using the ClustalX and the neighbor-joining method, respectively (30, 39) . A bootstrap analysis (6) was performed (for 1,025 repeats) to evaluate the topology of the phylogenetic tree.
RESULTS

Identification of microsatellites.
We used the methodology described by Jurka and Pethiyagoda (16) to identify microsatellite patterns in a collection of 6,689 clusters of RSTs that correspond to 3.8 Mb (Nobrega et al., unpublished; http://143 .107.203.68/rstpb/frame2.htm). We selected repeat segments over 12 nt long and represented by more than a length size in the P. brasiliensis Pb18 isolate RST database. The SSR patterns range from 1 to 6 nt. The SSRs represent about 0.47% of the total DNA in the analysis. Of 501 possible types of simple repeats, only 125 met these criteria. Table 3 shows 67 of these microsatellite patterns that displayed two occurrences and two or more different sizes.
According to Jurka and Pethiyagoda (16), a possible indicator of sequence variability in microsatellites is the maximal observed lengths per given microsatellite pattern (Table 3 , columns "Frequency" and "Repeats"). These numbers must also be used separately for each group of patterns (monomeric, dimeric, etc.) to reduce the overall impact of sample sizes on their absolute values. In Table 3 , the column "Abundance" is equivalent to the column "Total length," as the former lists the proportions of each individual pattern that are Ͼ12 nt long relative to the sum of all pattern lengths of Ն12 nt listed in the column "Total length." Overall, the most abundant are hexanucleotide repeats representing 29.4% of the total simple repeats, followed by dinucleotide (18.3%), trinucleotide (17.3%), mononucleotide (16.8%), tetranucleotide (11.8%), and pentanucleotide (6.4%) repeats. Noticeably, pentanucleotide repeats are underrepresented in our database when compared to the others. As can be seen from Table 3 (columns "Frequency" and "Repeats"), TAA repeats are probably more polymorphic than GCC repeats because they have 108 nt, as opposed to 15 nt (the longest observable length), and 14, as opposed to 2, types of length size. The same can be observed with TAAA when compared to TCAA, where 36 nt as opposed to 16 nt is the longest observable length, and there are six, as opposed to two, types of length size.
Comparison of the genomic sequence that comprises a specific microsatellite plus 200 bp upstream and downstream from the microsatellite, against a collection of 4,692 P. brasiliensis expressed sequence tags (11), the NCBI databank (http://ncbi .nlm.nih.gov/), and fungal genome databases (www.broad.mit-.edu) allowed us to summarize the genomic distribution of the P. brasiliensis microsatellites (Table 4 ). There are 887 clusters with microsatellites and 1,117 clusters with more than one SSR, because some sequences carry more than one microsatellite pattern (Table 4) . Most of these microsatellite patterns (87.5%) are found in noncoding sequences, 10.9% are found in coding sequences, 1.3% are found in intron sequences, and 0.3% are located in transposons (Table 4) .
Characterization of microsatellite loci. Based mainly on the criterium of sequence variability proposed above, we chose seven clusters that contained microsatellites to analyze their degrees of polymorphism. Two of the corresponding microsatellite patterns were located on coding sequences (TAAA and AAAAGG), three were on noncoding sequences (AT, AT/ ATTT/AT, and TAAA), and two were in intron sequences (TCA and CCCA) ( Table 4) . We designed oligonucleotide primers (Table 2 ) based on the sequences that limit these microsatellite patterns and PCR amplified the DNA fragments. Size distribution and sequence analysis of several clinical and environmental isolates (Table 1) revealed that clusters MG13XMG14 (consisting of MG13 and MG14) and MG21XMG22 have the most polymorphic microsatellite patterns ( Fig. 1 and Table 5 ). The MG13XMG14 cluster has three different microsatellite patterns (AT, ATTT, and another AT) that can range from 6 to 19, 1 to 6, and 2 to 20 repeats, respectively ( Table 5 ). The MG21XMG22 cluster has an AAAAGG simple repeat that can range from 1 to 8 repeats (Tables 4 and 5 ).
Use of microsatellites as markers to evaluate correlation between genetic background of strains and virulence degree. We have used these two most polymorphic clusters (MG13X MG14 and MG21XMG22) as well as the DNA sequences of the two clusters that have microsatellite patterns in the introns (MGI25XMGI26 and MGI27XMGI28) to evaluate relatedness among clinical and environmental isolates of P. brasiliensis. The clinical isolates were different from each other in the type of human disease they caused: 8 caused chronic disease, and 10 caused acute disease (Table 1 ). In addition, four isolates were environmental isolates: three were isolated from armadillos, and one was isolated from soil (Table 1) . Two phylogenetic trees were constructed by the neighbor-joining method based on the number of repeats obtained by PCR amplification of the microsatellites MG13XMG14 and MG21 XMG22 (Fig. 2) . All isolates had different multilocus genotypes, but there was no clustering of isolates associated with chronic or acute disease or with the environment. The number of repeats was randomly distributed among clinical versus nonclinical isolates (Table 5 ). The reliability of the phylogenetic trees inferred was verified by the bootstrap method (Fig. 2) . In the first tree (MG13XMG14) ( Fig. 2A) , two main groups were identified. (i) In the first group, three environmental isolates (PbIbiá, PbT1, and PbT3) clustered in two different subgroups (A and B). (ii) In the second group, there are seven subgroups (C to I) which have not shown clustering between isolates that cause chronic or acute disease. Furthermore, the fourth environmental isolate in the second group clustered with isolates that cause chronic or acute disease (subgroup H). In the second tree (MG21XMG22) (Fig. 2B) , two main groups were also observed. (i) In the first group, one environmental isolate, an isolate causing chronic disease, and an isolate causing acute disease (PbIbiá, Pb51, and Pb85) clustered into two different subgroups (A and B). (ii) In the second group, there are seven subgroups (C to G) which have not shown clustering between isolates that cause chronic or acute disease. Comparable results were observed for the microsatellite clusters MGI25XMGI26 and MGI27XMGI28 (data not shown). Taken together, these results suggest there is no clear correlation between the genetic background of the isolates, as measured here, and the types of human disease they cause.
DISCUSSION
The main objective of this study was to develop microsatellite or SSR markers for the pathogenic dimorphic fungus P. brasiliensis. To identify SSR markers, we digitally screened an RST collection composed of 3.8 Mb of unique sequences, which should represent about 15 to 20% of the P. brasiliensis genome. SSR markers have been successfully applied for typ- 0%) showing the PCR amplification products of the corresponding DNA fragments from microsatellite primer pair MG13XMG14.The molecular weights indicated at the left refer to the PCR product amplified from strain Pb18 (A) and primer pair MG21XMG22 (B). The numbers and letters refer to the different isolates described in Table 1 . I, PbIbiá; T1, PbT1; and T2, PbT2. (31) . Once established, the disease may be acute or chronic, depending on the severity and localization of lesions. Variations in the intensity, extension, dissemination, and characteristics of the lesions in PCM will occur in a given patient depending on fungal virulence, fluctuations of the host defense mechanisms, and environmental factors (23, 32) . In the present work, we evaluate SSR profiles as genetically associated elements with the potential to discriminate P. brasiliensis isolates according to their degree of virulence as determined from the corresponding clinical forms of patients with PCM. In typing with SSRs, an entire stretch of sequence is surveyed for genetic variation through length polymorphisms. Recently, Calcagno et al. (3) using RAPD analysis demonstrated that genetic differentiation could be associated with geographical region but not with different clinical manifestations of human PCM. Motta et al. (25) found no correlation between RAPD patterns and the type of pathology as observed with experimental infection in mice or in the clinical form of human PCM. In contrast with these authors, MolinariMadlum et al. (23) have shown that RAPD patterns correlated with the virulence degree of P. brasiliensis isolates. Nevertheless, our results are similar to those of Motta et al. (25) and Calcagno et al. (3); we observed no correlation between the clinical form of human PCM and four SSR patterns. Interestingly, the P. brasiliensis isolates derived from AIDS patients (in this work, these isolates are classified as isolates that cause acute disease) have also not clustered, suggesting the possibility that any P. brasiliensis isolate could behave as an opportunistic pathogen in immunocompromised HIV patients.
The P. brasiliensis SSRs now available will provide new opportunities for epidemiogical and phylogenetic studies of this organism.
